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Abstract: The results of this study show a mutagenic effect of low-dose ionizing radiation in male germ cells. The damage of male germ
cells was assessed by the frequency of abnormal sperm heads in tundra voles (Microtus oeconomus Pall.), bank voles (Myodes glareolus
Schreb.), and field mice (Apodemus agrarius Pall.) from the 30 km exclusion zone around the Chernobyl nuclear power station and
for laboratory animals (mice and rats) under chronic γ-irradiation. The abnormal sperm head detection method used appeared to be
sensitive to conditions of low-dose irradiation and can consequently be recommended as a bioindicator to monitor environmental
radiation pollution.
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Environmental contamination has increased the
importance of biota stability rating. Biota is under a
combined action of different stressing factors, including
radioactive pollution. Sex glands are highly sensitive to
the action of deleterious factors. Registration of a large
number of morphologically abnormal sperm heads
indicates an increased mutation process in male germ cells,
particularly an increased frequency of gene mutations
and/or microdeletions in spermatogonia and first-range
spermatocytes (Enciso et al., 2011). According to several
studies, a sudden increase in the frequency of chromosome
mutations is caused by disorders in the repair of DNA
fragments and in the antioxidation system (Zakhidov et
al., 2001; Evdokimov et al., 2006; Wagner et al., 2018).
From the data on the safety of every important gene
and ferment in defective spermatozoids, scientists have
concluded that morphologically changed heads are not a
sign of male gametes fatal pathology (Burruel et al., 1996).
A high number of abnormal sperm heads can lower male
fertility and cause defects in the progeny (Chemes and
Rawe, 2003; Daev and Dukelskaya, 2004; Saaske, 2008;
World Health Organization, 2010; Kiseleva et al., 2017),
and this may lower the population strength. Abnormal
sperm terms, levels, and life duration of these cell forms
vary depending on impact factors, irradiation doses,
specific genotype features, and age of the animals (Ieradi et
al., 2003; Enciso et al., 2011; Osadchuk et al., 2012; Kruczek
et al., 2013). Several studies have reported a numerical
increase of pathological spermatozoid forms in organisms

in the Chernobyl disaster liquidators (Evdokimov et al.,
2006) and in people who are, by profession, exposed to
radiation from X-ray generators (health workers) (Kumar
et al., 2013; Zhou et al., 2016). Thus far, only one study has
focused on abnormal sperm heads in rodents from natural
populations living in elevated radioactivity conditions
(Ryabokon, 2010). The purpose of the present study is
to assess the radiation-induced effects on the frequency
of abnormal sperm in small male rodents from natural
populations inhabiting radioactively contaminated areas
within the 30 km exclusion zone around the Chernobyl
nuclear power station (NPS) and in laboratory animals
irradiated chronically with small-dose γ-radiation.
Study materials were collected in natural conditions
from 224 adult males from 3 species of small mammals:
tundra voles (Microtus oeconomus Pallas, 1776), bank
voles (Myodes glareolus Schreber, 1780), and field mice
(Apodemus agrarius Pallas, 1771). The animals were caught
within the 30 km Chernobyl NPS zone from 4 permanent
sites with different exposure dose rates (EDR) to external
γ-radiation. Dose rates of γ-radiation in the air were
measured with a dosimeter DRG-01T1 (СSРA “Leninetz”,
Russia), 1 m above the ground. Radioactive pollution was
low at Site 1 and high at Site 4 (Table 1). Sites 2 and 3 had
intermediate levels of radiation pollution. Each of these
sites showed a decrease in background external γ-radiation
at the end of this 8-year study.
For the laboratory experiments of chronic low-dose
γ-irradiation, we utilized white outbred mice, Balb/c
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Table 1. γ-irradiation EDR variation limits at permanent sites within the 30 km
exclusion zone around the Chernobyl NPS (mcSv/h).

Study year

Site number
1

2

3

4

1986

1.0–3.0

40–60

400–500

3000–5000

1987

0.2–1.0

20–30

150–200

1500–2000

1988

0.2–0.5

6.0–8.0

40–60

450–700

1989

0.2–0.4

3.0–6.0

20–46

300–500

1990

0.1

4.0

30

200

1991

0.1

2.0

25

180

1992

0.1

1.0

25

150

1993

0.1

0.5

20

120

mouse line, and the Wistar rat line from the vivarium at
the Institute of Biology, Komi SC UrD RAS (http://www.
ckp-rf.ru/usu/471933/). All animals were kept in the
standard rooms and given food and water ad libitum.
After having examined the animals to exclude ill or injured
specimens, the mice and rats were randomly divided into
control and experimental groups. Experimental males
were γ-irradiated from two 226Ra sources (0.474 × 106 and
0.451 × 106 kBq). Exposition time and EDR of ionizing
radiation formed the cumulative absorbed doses. These
were determined by the thermoluminescent dosimeter
(DTU-1) with detectors DTG-4 (based on LiF) on a DVG02TM (SPC Dosa, Russia) dosimetric measuring unit.
The effects of chronic ionizing radiation on male germ
cells at the early ontogenesis periods were studied using
white outbred mice (n = 47). They were steadily irradiated
from the impregnation moment to the age of 2 months.
The total duration of external γ-irradiation comprised
80 days, with а cumulative absorbed dose of 10 cGy. The
radiation-induced effects in the germ cells of adult males
(2–4 months old at the beginning of the experiment)
were studied using the following animals and conditions:
white outbred mice (n = 16, 18–22 g), irradiated for 30
days with a cumulative absorbed dose of 20 cGy; Balb/c
line mice (n = 40, 26–28 g), irradiated for 30, 45, and 85
days with cumulative absorbed doses of 10, 20, and 30 cGy,
respectively; and Wistar line rats (n = 11, weighting 220–
250 g), irradiated for 50 days with a cumulative absorbed
dose of 5 cGy. At the end of the experiments, both test and
control animals were decapitated, according to the norms
of the Declaration of Helsinki on the human treatment of
animals for organs extirpation.
The level of disturbances in adult male germ cells in the
test and control groups was determined by analysis of the
frequency of morphological abnormalities of the sperm
head (Soares еt al., 1979). To do this, we isolated both

epididymis of animals and milled them in physiological
solution to release the sperm. A drop of the obtained
suspension was put onto the object plate, followed by
smear preparation. The smears were air dried at room
temperature and fixed in 70% ethanol for 10 min. The
samples were colored with a 1% eozine solution (Panreac,
Spain) for 1 min, and 500 cells were analyzed per animal
with a light microscope (MC 200 Micros, Austria),
with 1250× magnification and oil immersion. Normal
and morphologically abnormal sperm heads were then
determined (Burruel et al., 1996). Samples were analyzed
in a blind manner. The abnormal sperm morphology
frequency was expressed as a percentage. The results were
processed statistically and diagrams were constructed
using Microsoft Office Excel 2007 software.
Figures 1A–1C represent the cytogenetic monitoring
of small mammal exemplars from the 30 km Chernobyl
NPS zone for 8 years after the accident (1986–1993). The
abnormal sperm heads level was maximally high in the
first 2 years after the accident (1986–1987) and gradually
decreased during the next 4 years (ending in 1990). The
situation is typical of tundra voles from Sites 1 and 4
(Figure 1A), bank voles from Site 3 (Figure 1B), and field
mice from Sites 1, 3, and 4 (Figure 1C). As of 1991, the
frequency of abnormal sperm heads gradually rose and
remained stable until 1993, in spite of a ten-fold decrease
in the radioactive pollution level. The high frequency of
disorders in male germ cells for many years, despite the
lowering radioactive pollution level, suggests a highly
sensitive genome of the following generations of animals
to low-intensity irradiation. This sensitivity seems to
be related to the genetic burden growth in chronicallyirradiated populations. Interestingly, the animals from
medium-polluted sites sometimes showed high abnormal
sperm head values, compared with those from sites with
high background radiation levels. This effect was observed
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Figure 1. Radiation pollution effects after the Chernobyl NPS disaster on the abnormal sperm heads
frequency in tundra voles (Microtus oeconomus Pall., n = 56) (A), bank voles (Myodes glareolus Schreb.,
n = 51) (B), and field mice (Apodemus agrarius Pall., n = 117) (C).
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for field mice (Apodemus agrarius Pall.) specimens caught
in Sites 1, 2, and 4 in 1986, from Sites 3 and 4 in 1987,
and from Sites 1 and 3 in 1988, as well as for tundra
voles caught from Sites 1 and 2 in 1987 and 1988. The
comparative analysis of the abnormal sperm heads levels
and the frequency of marrow cells with micronuclei for
the same group of animals (Taskaev et al., 2010) showed
that in 1991, the year after the abnormal sperm heads
level decreased (1990), there was also a two to three-fold
decrease in the number of somatic cells with micronuclei.
Moreover, an increase in abnormal sperm heads in 1993
was followed by an increase in the number of damaged
marrow cells. This fact is a potential consequence of the
hereditary transmission of genetic instability in germ cells
(transgeneration effect). The carriers of such unstable
genomes were identified within the East Ural Radioactive
Trace zone in populations of common voles (Gileva et al.,
1996). The data on 22 generations of rodents inhabiting
radionuclide-polluted areas after the Chernobyl accident
prove the possibility of transgeneration transmission
of radiation-induced chromosome disorders and their
accumulation in the population (Ryabokon, 2010).
In the case of laboratory animals, we identified
different frequency levels of spontaneous abnormal sperm
heads in males in the control groups. The Wistar line rats
demonstrated a low level of abnormal sperm (0.5%), and the
Balb/c line mice displayed a high level (16.7%). As shown
in Table 2, white outbred mice had mean abnormal sperm
values ranging from 1.8%–2.3%. This abnormal sperm
level is believed to be dependent on the animal genotype

(Ieradi et al., 2003; Osadchuk et al., 2012; Kleshchev and
Osadchuk, 2012). According to the study results on the
radiation-induced effects conditions, the abnormal sperm
heads of males increased in response to low-dose chronic
γ-irradiation. For example, the abnormal sperm heads
level increased 2.6 times for white outbred mice irradiated
at the early ontogenesis stages (from the moment of
impregnation to the age of 2 months) by a cumulative
absorbed dose of 10 cGy. Chronic γ-irradiation of adult
white outbred mice and Wistar line rats also increased
the abnormal sperm head frequency as compared to the
control (by 1.8 and 2.8 times, respectively). Concerning
the radiation-induced effects in the adult Balb/c line, mice
irradiated with a dose of 10 cGy showed a statistically
significant increase in abnormal sperm head levels relative
to the control group. Mice irradiated with 20 or 30 cGy
showed no statistically significant difference; however, this
may be mainly due to the small sample size.
Abnormal sperm head frequency analysis on both
mouse-like rodents from the 30 km Chernobyl NPS accident
area and laboratory mice after chronic γ-irradiation
revealed a mutagenic effect of low-dose ionizing irradiation
on spermatozoa. The dynamic profiling of abnormal sperm
head frequency values in wild animals from technogenically
polluted areas within the Chernobyl NPS accident zone
indicated major effects during the 2 years following
the accident. In subsequent years, wave-like changes of
male germ cells’ resistance to chronic γ-irradiation were
observed because wild animals transmitted the mutations
to their offspring; therefore, the effects of high radiation

Table 2. Low-dose chronic γ-irradiation effects on the abnormal sperm heads frequency in
laboratory animals.
Animals

Group of
animals

Number of
animals

∑ of cells

Abnormal sperm
heads, %

Prenatal or early postnatal irradiation of animals
White outbred mice

Control

24

12000

1.8 ± 0.1

10 cGy

23

11500

4.6 ± 0.2*

Control

8

4000

2.3 ± 0.1

20 cGy

8

4000

4.2 ± 0.2*

Control

18

9000

16.7 ± 0.1

10 cGy

7

3500

20.7 ± 0.2*

20 cGy

9

4500

18.0 ± 0.1

30 cGy

6

3000

15.5 ± 0.1

Control

5

2500

0.5 ± 0.1

5 cCy

6

3000

1.4 ± 0.1*

Irradiation of adult animals
White outbred mice

Balb/c line mice

Wistar line rats

*significantly different (P < 0.05)
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exposure were observed in subsequent generations. In
laboratory experiments, mice and rats also demonstrated
an increase in the abnormal sperm head value in response
to low-dose chronic γ-irradiation. The abnormal sperm
head detection method used appeared to be sensitive to
conditions of low-dose irradiation and can consequently be
recommended as a bioindicator to monitor environmental
radiation pollution.
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